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We experimentally demonstrate a new measurement scheme for the discrimination of two coherent 
states. The measurement scheme is based on a displacement operation followed by a photon number 
resolving detector, and we show that it outperforms the standard homodyne detector which we, in 
addition, proof to be optimal within all Gaussian operations including conditional dynamics. We 
also show that the non-Gaussian detector is superior to the homodyne detector in a continuous 
variable quantum key distribution scheme. 
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According to the basic postulates of quantum mechan- 
ics, perfect discrimination of non-orthogonal quantum 
states is impossible. Suppose, for example, one is ran- 
domly given one of two a priori known coherent states, 
then there is no physical apparatus that with certainty 
can identify which state was at hand due to the intrin- 
sic non-orthogonality of coherent states. This inability 
to perfectly discriminate coherent states is the engine 
for unconditionally secure communication via continu- 
ous variable quantum key distribution [1]. On the other 
hand, in order to increase the secure key rate, optimized 
discrimination strategies must be implemented. Opti- 
mized measurements for coherent state discrimination 
are also of great use in other quantum devices such as 
quantum computers and quantum repeaters [3]. 

The impossibility of perfectly discriminating quantum 
state has therefore lead to the fundamental problem of 
finding measurement strategies for which the discrimina- 
tion task is optimised with respect to different figure of 
merits. The two most well-known discrimination strate- 
gies are deterministic minimum error state discrimination 
(MESD) andprobabilistic unambigious state discrimina- 
tion (USD) [3-[S|- In an optimised MESD measurement 
all measurement outcomes are kept and the error rate is 
minimized whereas in an optimised USD measurement 
only conclusive measurement outcomes are kept while 
the rate of inconclusive results is minimized. Experi- 
mental realizations of such measurement strategies have 
been pursued [ol-fl^. 

A combination of the two discrimination schemes - the 
intermediate discrimination (ID) scheme - where one al- 
lows for both erroneous and inconclusive results has also 
been treated theoretically. More precisely, the minimal 
probability of errors for a fixed probability of inconclu- 
sive results has been derived for pure and mixed states 
in refs. fid\ and [iG^, respectively. A well-known (how- 



ever non-optimal) ID scheme is the postselection based 
homodyne detector where the quadrature measurement 
outcomes are favourably postselected. Such a measure- 
ment scheme has been used to discriminate binary coher- 
ent states in quantum key distribution (l7l-[l9j but also to 
discriminate noisy non-classical states for distillation [^|- 
23] and to engineer quantum stated, IHI- 

In this Letter, we first show theoretically that the post- 
selection based homodyne detector is the optimal in- 
termediate discrimination strategy for binary coherent 
states over all Gaussian measurement approaches (in- 
cluding Gaussian transformations, homodyne detectors 
and conditional dynamics). Furthermore, we experimen- 
tally implement a Non- Gaussian measurement strategy 
(based on a displacement controlled photon number re- 
solving (PNR) detector) that outperforms the optimal 
Gaussian strategy. Finally, we show theoretically that 
by using the non- Gaussian detector in replacement of the 
postselection based homodyne detector in a continuous 
variable quantum key distribution protocol, a substantial 
increase of the secure key rate is expected. 

Consider a binary alphabet of two pure and phase 
shifted coherent states {|— o^), |q^)} occuring with the a 
priori probabilities pi and p2- The task of the receiver is 
to certify whether the state was prepared in \—a) or \a) 
using a measurement described by the three-component 
positive operator-valued measure (POVM) 11^,^ = 1,2,? 
where IIi>0 and IIi-hIl2+II?=^. An inconclusive result 
will occur with the probability 

Pine = Pi(-a|n?|-a) ^P2{a\fl7\a), (1) 

where (— a|II?|— a) ((a|II?|a)) represents the probabil- 
ity of inconclusive results when was prepared. 
Furthermore, the average error probability is given by 

PE = {pi{-a\U2\-a) +P2(c.|ni|a))/(l-pinc), (2) 
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FIG. 1: (a) Schematics of the homodyne receiver. The signal 
(S) is interfered with a local oscillator (LO). The photocur- 
rents are subtracted resulting in a quadrature measurement, 
(b) Marginal distribution of the two signal states with inter- 
vals where the answers { — ,?,+} are guessed, (c) Schematics 
of the photon number resolving (PNR) receiver. The signal 
(S) is interfered with an auxiliary oscillator (AO). Finally, 
the signal is measured by a photon number resolving detector 
(PNRD) (d) Photon number distribution of two signal states. 
In the examples, we assume a signal with = 0.24 and a 
displacement of /3 = 1. 

where {—a\Il2\—a) ((a|ni|a)) represents the error prob- 
ability of mistakenly guessing \—a) {\a)). An optimised 
intermediate detector has a minimal error probability, 
Pe, for a given probability of inconclusive results, pinc- 

An experimentally simple candidate for an interme- 
diate measurement is the homodyne detector measuring 
the excitation quadrature followed by postselection of the 
outcomes as illustrated in Fig. [TJa) |17Hl9j. The distribu- 
tion of the measurement outcomes is shown in Fig. [Hb) 
and is divided into three regions associated with the three 
POVM elements. If the measurement outcome is larger 
(smaller) than a certain threshold value, B{—B)^ then we 
identify \a){\—a)) (with errors), otherwise the outcomes 
are inconclusive. The trade-off between the error proba- 
bility and the probability of inconclusive results can be 
easily tuned by the threshold value, B. 

In the following we prove that this measurement 
scheme is the optimal strategy for realizing the inter- 
mediate measurement within all possible Gaussian op- 
erations and conditional dynamics (classical feedback or 
feedforward) . First we note that if the input alphabet as 
well as all operations are Gaussian, conditional dynam- 
ics is useless [26]. In our case, however, the input alpha- 
bet consisting of an ensemble of two coherent states is 
non-Gaussian, and thus we cannot discard conditional 
dynamics as an option to improve the discrimination 
task. The POVM consisting of noise-free Gaussian opera- 
tions without conditional dynamics is described by a set 
of operators {^\ip(^{u^v)){ip(^{u,v)\} where \ip(^{u^v)) = 
D{u, v)S{Q\0) is a displaced squeezed state, ( = re*'^ is a 
complex squeezing parameter, and ('U, £) are quadratures 
representing a measurement outcome [27| . The probabil- 
ity distributions of detecting |=ba) with this POVM are 
P{u^v\±a) = ^\{±a\ilj(^{u^v))\'^ showing Gaussian statis- 
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FIG. 2: (a) Scheme of the experimental implementation of the 
receivers in Figs. [IIa,c), where the abbreviated components 
are a fibre mode cleaner (FMC), beam splitters (BS, 50/50), 
a polarizing beam splitter (PBS), a piezo mounted mirror 
(PZT), a half wave plate (HWP) and a photon number resolv- 
ing detector (PNRD). (b top) Modulation pattern of the elec- 
tro optical modulators in the state preparation (green) and 
the displacement of the PNR receiver (red) , (b middle) simul- 
taneously recorded quadrature measurements and (b bottom) 
detection events of the APD. Shaded areas show inconclusive 
results for increasing postselection parameters B and m. 

tics. Let us denote the likelihood ratio of two sig- 
nals as ^i = ^^^^7^^^^ and A2=A^"^. According to the 
Bayesian strategy an optimal signal decision for the 
fixed measurement is to guess \—a) for Ai>Ab, \a) for 
A2>Ab, and the inconclusive result otherwise, where A^ 
is the threshold. The error probabilities and the prob- 
abilities of having inconclusive result for each signal are 



then given by 
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and a is assumed to be real 
Here we can find that the 
average error probability PE={Pipi~''^P2pi'^'^)/{'^-Pinc) 
and the inconclusive probability Pinc=PiPi~^+P2Pi^^ are 
simultaneously minimized with cp = and r ^ oo. It 
corresponds to an X-quadrature measurement, implying 
that the optimal measurement with only Gaussian oper- 
ations is the homodyne detector with phase (p=0. 

Furthermore, any conditional operation is proven to 
be useless by considering two Gaussian operations. The 
first Gaussian operation on the input state includes a 
partial measurement of the signal and generally outputs 
a measurement outcome and a conditional output state. 
It was shown that such a conditional state can always 
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be transformed into another mixture of coherent states 
pout=p'i{dM)\-(y''){-ot'\^p'2{dM)\ot'){oL'\, with real and 
positive a' ^ by an additional Gaussian operation which 
is deterministic and independent of the partial measure- 
ment outcome denoted by (Im l22| • Since only the poste- 
riori probabilities depend on dM the optimal second op- 
eration is independent of and given by a fixed homo- 
dyne measurement ((/:'=0) as already shown. We there- 
fore conclude that any conditional dynamics is not useful 
in the two-step measurement scenario. An extension of 
the above conclusion to the multi-step measurement sce- 
nario is straightforward, which proves the optimality of 
the homodyne detector within all possible Gaussian op- 
erations and conditional dynamics [28]. 

Although the homodyne detector is optimal within all 
Gaussian strategies, there exist non-Gaussian strategies 
that out-perform the homodyne detector. In the follow- 
ing we discuss a new, non-Gaussian discrimination detec- 
tor that beats the performance of the homodyne detec- 
tor. It is based on a displacement operation, D{/3)^ fol- 
lowed by a detection of the photon number (see Fig.[T]^c)) 
with which conclusions are made [29]. The photon num- 
ber distributions of the two possible coherent states after 
displacement are shown in Fig. [IJd). For zero photon 
outcomes, we identify | — a) (since the zero-photon con- 
tribution from I — a) is much larger than from \a)) and 
associate the POVM, IIi = |0)(0|. If the photon number 
outcome, n, is larger than a certain threshold, m, we 
identify \a) with the POVM, n2=/-ni-n?, otherwise 
we obtain inconclusive results described by the POVM, 
11?=^^^-,^ To minimize the error rate the dis- 

placement must be optimized, and a detailed discussion 
on this optimization procedure can be found in Ref. [29| . 

In Fig. [3l^b)(grey fines) we compare our new detector 
with the homodyne receiver by choosing the postselec- 
tion parameter B such that the rates of inconclusive re- 
sults are equal for both strategies, i.e. Pinc,HD=Pinc,PNR- 
We find that the displacement controlled PNR detector 
(solid lines) surpasses the performance of the homodyne 
detector (dashed lines) for all signal amplitudes. 

We continue with a description of the experimental 
realization of the two detector schemes. As shown in 
Fig. [Sfa) the setup consists of a preparation stage and 
two different receiver stages. The signal states are gen- 
erated in a polarisation mode orthogonal to an auxil- 
iary mode: The field amplitude of the auxiliary mode 
is coherently transfered into the signal polarisation by 
means of an electro-optical modulator (EOM). We care- 
fully characterize the prepared signal and both detectors 
and verify that the amount of excess noise stemming 
from the EOM is miniscule [14]. Using a 50/50 beam 
splitter, two identical signal states are directed to the 
two detection schemes. The homodyne receiver records 
a quadrature value for each signal pulse. Its quantum 
efficiency amounts to ryhom = 85.8%, and the electronic 
noise level is more than 23 dB below the shot noise level. 
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FIG. 3: (a) Error rates for the Kennedy receiver (/3 = a) 
and the PNR receiver with varying vn and optimized /3opt. 
Error bars reflect the standard deviations of repeated mea- 
surements, which are larger than the statistical errors. Ex- 
perimental data is compared to ideal receivers (dashed lines). 
The experimental data has been corrected for the detector in- 
efficiency in all figures, (b) Experimental error rates versus ac- 
ceptance rates with increasing signal amplitudes for the PNR 
receiver and the homodyne receiver. For this comparison the 
success rate of both schemes is fixed to the one, that is theo- 
retically reached by the PNR receiver. The theoretical predic- 
tions for the homodyne receiver (grey dashed line), the PNR 
receiver (solid line) and the optimal intermediate measure- 
ment (dotdashed lines) are shown with statistical error bars, 
(c left scale) Key rate G in logarithmic scale as a function 
of the channel transmittance r\ using the PNR receiver (solid 
curve) and the homodyne receiver [3Q| . [31I | (dashed curve), 
(c right scale) Optimized threshold m (dotted line). Photon 
number resolution for high photon number, e.g. m=10, was 
demonstrated in 32]. 
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The PNR receiver is composed of a displacement oper- 
ation (driven by an EOM and the auxihary mode) and 
a fiber coupled avalanche photo diode (APD) operating 
in an actively gated mode, such that the dead time of 
the device (50 ns) is much shorter than the measurement 
time (800ns) (which defines the duration of the state). 
The APD therefore works as a primitive photon number 
resolving detector [33] . The interference of the signal and 
auxiliary oscillator is performed with an extinction ratio 
of about 1/700 and the total detection efficiency of the 
displacement operation and the detection is estimated to 
be ?7on/off = 55%. A PC controls the preparation of the 
states as well as the displacement in the PNR receiver by 
modulating the two EOMs. Simultaneously it acquires 
the homodyne and the APD detection outcomes during 
the pulse sequence. (The quadrature values are derived 
by averaging 16 samples of homodyne data (bandwidth 
10 MHz), which is digitized with 20MS/s. The detected 
temporal modes at both receivers are therefore equal to 
a reasonable extent.) An example of such a sequence is 
shown in Fig. [2fb). The outcomes of the receivers are 
then divided into correct, false and inconclusive results. 

In our experiment the PNR receiver is demonstrated 
for m = 0, 1 and 2. We find that for any m the dis- 
placement can be optimized such that the experimentally 
measured error rates reach a minimum. The optimal dis- 
placement is higher for higher m and the minimum error 
rate after this optimization of the displacement is lowered 
for increasing m. The error rates for varying amplitudes 
are plotted in Fig. [3l^a). We find a maximal reduction of 
the error rate by a factor of 3.5 going from m = (de- 
terministic scheme) to m = 2 (probabilistic scheme) at 
the signal |q^P = 0.47. The corresponding penalty on the 
acceptance rates and the comparison with the theoreti- 
cal predictions are shown in Fig. [H^b). In this figure the 
performance of the homodyne detector is compared with 
the performance of the displacement controlled PNR de- 
tector and it can be clearly seen (especailly for m = 1) 
that the latter non-Gaussian detector outperforms the 
former Gaussian detector at several data points. For de- 
tails see [28]. 

In the last part of the letter, we investigate the per- 
formance of a continuous variable quantum key distribu- 
tion scheme in which the standard homodyne detector 
is replaced by an ideal displacement controlled PNR re- 
ceiver at the receiving station. We consider a binary 
coherent state alphabet, a lossy channel (with no ex- 
cess noise) and an error correction scheme based on di- 
rect reconcihation [30|. For this scheme the secret key 
rate is G = (1 — Pinc)(^B — Ie) with Bob's information 
Ib = 1— i^(perr), and it depends on the channel transmit- 
tance 77, the signal amplitude a, the displacement value 
/3, and the threshold value m. We calculate the key rate 
G as a function of the channel transmittance rj while opti- 
mizing the other parameters (typically [0.5,1.5]). The 
result is shown in Fig.[3l^c) (solid curve). For comparison 



we also insert the key rate for the standard homodyne de- 
tection based protocol (dashed curve) [31]. We find that 
the new scheme is far superior to the homodyne scheme 
by several orders of magnitude, especially in the realistic 
case of high channel attenuation. 

In this Letter, we have experimentally demonstrated a 
receiver for binary-encoded optical coherent states based 
on an optimized displacement, a photon number resolv- 
ing measurement and postselection of the measured pho- 
ton number outcomes. We compared this receiver scheme 
to the homodyne receiver, which we proved to be the op- 
timal Gaussian receiver, and found that the performance 
of the PNR receiver beats that of the homodyne receiver. 
The quantum efficiency for both receivers is approach- 
ing unity due to rapid development in this field. Conse- 
quently, we showed theoretically that by using an ideal 
version of the new receiver in replacement of the standard 
homodyne receiver in a continuous variable QKD proto- 
col, superior performance in terms of increased secure 
key rate is expected. QKD is just one apphcation among 
many others for which the PNR receiver demonstrates 
superior performance in comparison with a homodyne 
based scheme, and thus we believe that our new detector 
will play a significant role in future quantum information 
technologies. 

The work has been supported by the EU project COM- 
PAS and Lundbeckfonden(R13-A1274). 
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